ABSTRACT Experiments were conducted to determine if hepatic threonine dehydrogenase (TDH) activity is influenced by dietary protein or specific amino acid concentrations. In an initial experiment, young chicks were deprived of feed for 60 h or had access for 72 h to a 22% protein basal diet, a protein-free diet or a 51% high protein diet. TDH activity was determined as aminoacetone and glycine accumulation during incubation of liver mitochondria. TDH activity was significantly (P õ 0.01) lower in chicks fed the protein-free diet and significantly greater in chicks fed the high protein diet compared with chicks fed the basal diet. Food deprivation had no effect on TDH activity. A second experiment was conducted using the 22 and 51% protein diets, the 22% protein diet plus 1.14 g/100 g diet threonine (equivalent to the free plus protein-bound threonine content of the high protein diet), and the 51% protein diet containing 0.15 g/100 g diet less threonine. TDH was increased in chicks fed either high protein diet (P õ 0.05). There were no significant differences in TDH activity, however, between chicks fed the basal diet and the threonine-supplemented diet or between chicks fed the two high protein diets. In two other experiments, the activity of TDH was investigated in chicks fed for 9 d dietary supplements of either serine or glycine (5.5 or 4 g/100 g basal diet, respectively). The supplements were added to the basal diet or the basal diet imbalanced by the addition of 6% branched-chain amino acids. Neither the serine nor the glycine supplement significantly altered TDH activity or the increased activity associated with a branched-chain amino acid-induced threonine imbalance. The results suggest that hepatic TDH activity is influenced by protein level or other amino acids more than by threonine itself.
The potential pathways of catabolism of the indispensable by threonine dehydratase appears to be minimal except under amino acid L-threonine involve the activities of three enzymes.
conditions of gluconeogenesis (Ballèvre et al. 1991, Bird and Nunn Two of these enzymes, threonine aldolase (EC 4.1.2.5) and threo-1983) . nine dehydratase (EC 4.2.1.16) are cytosolic, whereas the third Threonine dehydrogenase is located in the mitochondrial enzyme, threonine dehydrogenase (TDH 5 ; EC 1.1.1.103), is a mitomatrix and apparently forms a soluble complex with 2-aminochondrial enzyme. It could be questioned, however, if threonine 3-oxobutyrate CoA ligase, which catalyzes the conversion of aldolase is actually a functional enzyme of threonine catabolism.
2-amino-3-oxobutyrate to acetyl CoA and glycine. AminoaceThreonine aldolase is the same protein as serine-glycine hydroxytone, the only known alternate product of 2-amino-3-oxobumethyltransferase (EC 2.1.2.1), which catalyzes the interconvertyrate, is formed nonenzymatically. Threonine dehydrogenase sion of glycine and serine (Schirch and Gross 1968) . Recent studies is considered to be the primary enzyme initiating L-threonine (Bird and Nunn 1983 , Pagani et al. 1991 , Yeung 1986 ) have catabolism. It has been shown to account for 87% of the Lalso shown that previous assays have overestimated the activity of threonine degraded in the livers of normally fed rats (Bird and threonine aldolase in rat liver and that this enzyme actually has Nunn 1983) and for about 80% of the L-threonine degraded very little or no activity in catabolizing L-threonine in this species.
in pig liver (Ballèvre et al. 1990 ). Threonine dehydratase exists as isozymes differing in relative activi-
In previous experiments conducted in this laboratory (Davis ties toward L-threonine and L-serine. Catabolism of L-threonine and Austic 1994), the activity of TDH in isolated chicken hepatic mitochondria was observed to be significantly increased under conditions of dietary threonine imbalance. Supplements of 6%
were assigned to experimental groups in such a manner to achieve amino acids (Scott et al. 1976 ). The additional amounts of glycine four consecutive days, each treatment had a total of eight replicate pens, with each pen containing four birds. At the end of each 72-h nine imbalances and associated increases in the activity of TDH, period, total feed consumption and weight change were determined for each pen and whole livers were collected and pooled from all four whereas a 3% serine supplement failed to create an imbalance or birds of each pen.
an increase in TDH activity. TDH activity was examined at two Experiment 2. This experiment was conducted to determine if time points, 24 h and 9 d after the chicks were given access to the effects of the high protein diet on the activity of TDH observed the supplemented basal diets, and a significant increase in TDH in Experiment 1 were due to the increased threonine content of this activity was found at both time points in threonine-imbalanced diet, to the increased protein level of this diet or to a combination chicks. The increase in TDH activity was not distributed proporof both. The protocol of this experiment followed that of Experiment tionally between the aminoacetone and glycine pathways leading 1, except for two changes in dietary treatments. As in Experiment from 2-amino-3-oxobutyrate. There was greater accumulation of 1, one treatment group was fed the basal diet while another was fed glycine than aminoacetone.
the high protein diet. Another treatment group, however, was fed the basal diet supplemented with 1.14 g crystalline L-threonine/100
The present investigation was performed to determine the g basal diet to give an equivalent amount to the high protein diet influence of dietary protein and threonine on TDH activity. it seemed possible that the increased TDH activity reflects a metabolic need for glycine. Therefore, the present investigation was conducted also to determine if the addition of dietary TABLE 2 glycine or serine (a glycine precursor) to a threonine-imbalanced diet would prevent the associated increase in TDH acComposition of the protein-free diet tivity in chicks consuming the threonine-imbalanced diet.
Ingredient
g/100 g diet
MATERIALS AND METHODS

Glucose monohydrate 86.15
After hatching and sexing, Single Comb White Leghorn chicks
Corn oil 4
of the Cornell K-strain (Cole and Hutt 1973) were raised in thermo- chicks had free access to water and a practical chick starter diet. Six to eight days after hatching, the chicks were sorted by weight and Experiment 3. Because serine is a precursor of glycine and than chicks fed the basal diet ( Table 3) . Although they consumed glycine is a product of combined TDH and 2-amino-3-oxobutyrless food, chicks fed the high protein diet gained more weight than ate CoA ligase activity, this experiment was conducted to deterthe chicks fed the basal diet (Table 3 ). In contrast, weight gain mine if a dietary supplement of serine alters the activity of TDH was depressed in chicks consuming the protein-free diet. Chicks under normal conditions or during threonine imbalance. Six-to that were food deprived for 60 h lost 22 { 0.7 g of body weight.
ten-day-old chicks were selected and randomly assigned to either
The total hepatic activity of TDH was dramatically depressed in the basal diet, the basal diet supplemented with 5.5 g L-serine/ the chicks fed the protein-free diet compared with chicks fed 100 g basal diet, the basal diet supplemented with 6 g BCAA/ the basal diet, and this reduction was distributed proportionately 100 g basal diet, or the basal diet supplemented with both 5.5 g between the aminoacetone and glycine pathways leading from 2-L-serine and 6 g BCAA/100 g basal diet. Thus, the purpose of this experiment was to determine the effect of a high level of amino-3-oxobutyrate. Total hepatic TDH activity was significantly serine on the activity of threonine dehydrogenase and to deterincreased in chicks fed the high protein diet, compared with chicks mine if this addition of L-serine to a BCAA-induced threoninefed the basal diet, with the increased activity resulting in a signifiimbalanced diet altered the activity of TDH. Eight replicate pens cantly greater proportion of the increased 2-amino-3-oxobutyrate of chicks for each of the four dietary treatments were achieved being converted to glycine and acetyl CoA rather than aminoaceby assigning on four consecutive days, two replicate pens of four tone and CO 2 . Food deprivation lowered aminoacetone accumulachicks (2 females and 2 males) to each treatment. All chicks tion but had no effect on glycine accumulation.
received the experimental diets for 9 d, with cumulative food Experiment 2. The addition of 1.14% crystalline L-threoconsumption and weight gain determined for the entire experinine to the basal diet had no effect on weight gain or food mental period. Whole livers were collected and pooled from one consumption of the chicks fed this diet compared with chicks male and one female chick from each pen for analysis of TDH activity at the end of the 9-d experimental period.
fed the basal diet ( Table 4) . Chicks fed the high protein or Experiment 4. This experiment was similar in design to Experthe high protein diet less 0.15% crystalline L-threonine had iment 3 except that glycine was substituted for serine. The numhigher weight gain and food consumption compared with ber of moles of glycine in the dietary supplement was equivalent chicks fed the basal diet or the basal diet plus 1.14% threonine.
to the number of moles of serine added in Experiment 3.
A significant increase in the total hepatic TDH activity was
Tissue preparation. The tissues were prepared as previously dedetected in chicks fed the high protein diet and in those fed scribed in Davis and Austic (1994) . It should be noted that when the high protein diet less 0.15% threonine, with both increases the mitochondria were resuspended in buffer, the integrity of the in enzyme activity resulting in a greater proportion of the inner mitochondrial membranes was compromised enough for TDH increased 2-amino-3-oxobutyrate being converted to glycine and 2-amino-3-oxobutyrate-CoA ligase to utilize the exogenous NAD and CoA provided in the TDH assay medium. The mitochondria and acetyl CoA rather than aminoacetone and CO 2 . Finally,
were not disrupted by sonication or with solubilizing agents because there were no differences detected in any of the variables such treatment disrupts the soluble complex between TDH and 2-measured when comparing chicks fed the basal diet with those amino-3-oxobutyrate CoA ligase (Bird et al. 1984) . Disruption of fed the basal diet plus 1.14% threonine or when comparing this enzyme complex prevents the formation of glycine and acetyl chicks fed the high-protein diet with those fed the high protein
CoA (Tressel et al. 1986 ).
diet less 0.15% threonine.
Threonine dehydrogenase assay and analytical procedures. The Experiment 3. Weight gain and food consumption were sigassay procedures used in these experiments were the same as those nificantly decreased by supplementation of the basal diet with described previously by Davis and Austic (1994) . Aminoacetone 5.5% serine, 6% BCAA and a combination of these supplements was determined using the rapid colorimetric procedure of Urata ( Table 5) . The values for weight gain and food consumption for and Granick (1963) . Mitochondrial protein was determined colorimetrically (Lowry et al. 1951) . Threonine concentrations of chicks that received the combined supplement were less than those the diets after acid hydrolysis (Krick et al. 1993 ) and glycine for the chicks that received the BCAA supplement alone. Total concentrations from the TDH assays were determined by HPLC.
activity of hepatic TDH was significantly increased in chicks fed
The HPLC used in Experiments 1 and 2 consisted of a Beckman the 6% BCAA-supplemented or the 6% BCAA / 5.5% serine- by Davis and Austic (1994) .
glycine decreased food consumption, but did not significantly Statistical analyses. Data from each experiment were subjected alter weight gain or TDH activity (Table 6 ). Unlike the results to ANOVA according to the General Linear Model procedure using of Experiment 3, chicks fed the basal diet supplemented with day, treatment, and day 1 treatment as factors. Single degree of 6% BCAA did not have a significant increase in either the freedom tests were used in all experiments to determine significance total activity of TDH or in the ratio of glycine to aminoacetone of differences between selected dietary groups. In Experiments 2, 3 and 4, the Tukey multiple-comparison procedure (Neter et al. 1990) accumulation compared with chicks fed the basal diet. Chicks was used to detect significant differences between all of the diets. All fed the basal diet supplemented with both glycine and BCAA statistical procedures were done with the Minitab statistical software had lower weight gains and food consumption, but increased package (Release 8.2, State College, PA), and differences were con-TDH activity and ratio of glycine to aminoacetone accumulasidered significant when P values were õ0.05.
tion compared with chicks fed the basal diet. fed a high protein diet had a fourfold increase in hepatic TDH was raised from 12.6 to 15.6 g per 100 g of diet. This same increase in protein level, however, only slightly raised the activity of TDH activity. The decrease in hepatic TDH activity in chicks fed the protein-free diet is consistent with the finding by Ballèvre and of pigs fed a diet containing 0.42 g/100 g dietary threonine (Le Floc'h et al. 1994) . In rats, feeding a high protein diet did not associates (1991) in which pigs fed a protein-free diet had a 95% decrease in the activity of this enzyme based on in vitro aminoaceincrease hepatic TDH activity on the basis of in vitro measurements (Bird and Nunn 1983) . tone production. Utilizing a multitracer infusion method, Ballèvre and his associates (1991) were able to confirm their in vitro results
RESULTS
DISCUSSION
Dietary threonine and TDH activity. The increased activity of hepatic TDH in chicks fed a high protein diet in the on the basis of actual fluxes in vivo of metabolites through the various pathways of threonine metabolism.
present experiments was not due solely to the increased threonine level associated with the increased protein, because the The finding that feeding a high protein diet increased hepatic TDH activity agrees with the initial report by Aoyama and Motoactivity of TDH from isolated hepatic mitochondria of chicks fed the basal diet or the basal diet supplemented with crystalkawa (1981), which suggested that hepatic TDH activity was increased in chicks fed a 60% casein diet vs. a 20% casein diet. On line threonine to equal the amount of threonine in the high protein diet was not different. This finding is consistent with the basis of in vitro aminoacetone production, pigs fed a diet with 0.52 g/100 g dietary threonine also had a significant increase in previous results obtained in this laboratory (Davis and Austic 1982b) with young chicks in which no significant change in hepatic TDH activity when the crude protein level of the diet Values for threonine dehydrogenase activity are means of eight replicates of two chicks pooled by replicate for each diet. * **Values are significantly different than the corresponding value for the basal diet-fed group: *P õ 0.05, **P õ 0.01 (General Linear Model procedure with single degree of freedom tests). a Values are significantly different than the corresponding value for the basal / 5.5% serine diet-fed group; b values are significantly different than the corresponding value for the basal / 6% BCAA diet-fed group (P õ 0.05 Tukey multiple comparison procedure).
2 Amounts of aminoacetone and glycine that had accumulated in reaction mixtures during 15 min incubation. 3 Aminoacetone plus glycine accumulation. 4 Ratio of glycine accumulation to aminoacetone accumulation. 5 The branched-chain amino acids (BCAA) L-leucine, L-isoleucine and L-valine were each added at 2 g/100 g diet.
TDH activity was seen as the threonine level of the diet was hepatic TDH was sensitive to dietary protein levels but not to increased dietary levels of threonine in the present research increased from 0.6 to 1.8 g per 100 g diet. The apparent insensitivity of chicken hepatic TDH to increasing dietary threonine suggests that this enzyme's activity may be regulated by cellular concentrations of other amino acids. This conclusion is suplevels has not been found with porcine hepatic TDH. Le Floc'h and co-workers (1994) found that increasing the dietary threoported by the finding in the current and previous research Austic 1982b and ) that hepatic TDH activity nine concentration in pigs from 0.42 g to a value of 0.52 g per 100 g of diet resulted in a significant increase in pig hepatic was increased when specific amino acids or a mixture of IAA lacking threonine was added to create threonine imbalances. TDH activity on the basis of aminoacetone production in vitro. Similarly, using a multitracer infusion method in pigs, In addition, increasing the level of glutamic acid in pig diets has been shown to increase hepatic TDH activity (Le Floc'h Ballèvre and colleagues (1990) determined that there was an increase in threonine flux through the hepatic TDH pathway et al. 1994).
It is interesting to note that in Escherichia coli, TDH gene as the level of dietary threonine increased from a value of 0.68 to 0.81 g per 100 g of diet. The fact that the activity of chicken expression is regulated by the cellular concentration of leucine 1 Values for weight gain and feed consumed are means per chick for the 9-d experimental period, with eight replicate pens of four chicks for each diet. Values for threonine dehydrogenase activity are means of eight replicates of two chicks pooled by replicate for each diet. * **Values are significantly different than the corresponding value for the basal diet-fed group: *P õ 0.05, **P õ 0.01 (General Linear Model procedure with single degree of freedom tests). a Values are significantly different than the corresponding value for the basal / 4% glycine diet-fed group; b values are significantly different than the corresponding value for the basal / 6% BCAA diet-fed group (P õ 0.05 Tukey multiple comparison procedure).
and possibly alanine by their binding to a leucine-responsive the failure of the 6% BCAA supplement to cause a threonine imbalance and a significant increase in hepatic TDH activity. regulatory protein that controls transcription of the TDH and 2-amino-3-oxobutyrate CoA ligase (Ernsting et al. 1992, Rex Nevertheless, even with this problem, the addition of 4% glycine to the basal diet had no effect on hepatic TDH activity. et al. 1991) . Similar regulatory motifs have been found in vertebrates. Marten et al. (1994) observed that amino acid Furthermore, when compared with the basal diet, the addition of 4% glycine to the 6% BCAA-supplemented diet resulted limitation in rat hepatoma cells caused a decreased expression of some genes and increased expression of other genes. Furtherin a significant increase in TDH activity and the predominance of glycine formation, whereas feeding the 6% BCAA-supplemore, Marten et al. (1994) have shown that the expression responses of some of these genes depended on the limitation mented diet alone did not. Because serine is readily converted to glycine by serine-glycine hydroxymethyltransferase, the reof one particular amino acid, whereas for other genes, it depended on the limitation of more than one amino acid. Expressults from Experiment 3 also indicate that the increase in glycine accumulation was not due to an increased metabolic sion of the ornithine decarboxylase gene (Pohjanpelto and Holtta, 1990) and of the asparagine synthetase gene (Guerrini need for glycine. Catabolism of end products. The immediate product of et al. 1993) has also been shown to be influenced by amino acid concentrations.
TDH, 2-amino-3-oxobutyrate, is highly unstable. It degrades spontaneously to aminoacetone with a half-life of õ1 min The production of aminoacetone vs. glycine. The nature of the metabolic interaction between TDH and 2-amino-3- (Laver et al. 1959) if not converted through the action of 2-amino-3-oxobutyrate ligase to glycine and acetyl CoA. Beoxobutyrate CoA ligase remains unclear. On the basis of available research (Bird et al. 1984 , Tressel et al. 1986 ), the unstacause of its short half-life, all 2-amino-3-oxobutyrate present in the TDH incubation mixture at the end of incubation would ble product of the TDH reaction seems to be directly transferred to the ligase with subsequent formation of glycine and convert to aminoacetone before the colorimetric determination of the latter compound is carried out. Aminoacetone was acetyl CoA. Because the formation of glycine in vitro is dependent on the availability of CoA, it has been assumed that observed not to disappear from chicken liver homogenates during incubation (Green and Elliott 1964) . Therefore, aminounder physiological conditions, the availability of CoA would determine whether glycine or aminoacetone was produced acetone can be assumed to be an end product in our TDH assay. Because 2-amino-3-oxobutyrate ligase is present in mito- (Bird et al. 1984 , Tressel et al. 1986 ). Bird and colleagues (1984) calculated, on the basis of in vitro studies of intact chondrial preparations, it is necessary to measure both aminoacetone and glycine to achieve an indirect measure of TDH hepatic mitochondria from rats, that at physiological concentrations of L-threonine, at least 65% of the threonine cataboactivity. Glycine, however, can be degraded by the glycine cleavage system which exists in chickens (Matsui et al. 1993 ) lized in the fed state would be converted to glycine and acetyl CoA.
and mammals (Jois et al. 1990, Petzke and Albrecht 1987) . The activity of this system in mammals is increased in response In part, the present in vitro experiments conducted with an excess of CoA support the hypothesis that when CoA is to high protein diets (Ewart et al. 1992) . If the system is active in the chickens under the conditions of the TDH assay, then available, glycine production predominates over aminoacetone production. Glycine accumulation was two to four times that the sum of aminoacetone and glycine may underestimate the actual in vitro activity of TDH. If the glycine cleavage system of aminoacetone accumulation in hepatic mitochondria of chicks fed the basal diet. Interestingly, when total hepatic is affected by dietary protein in chicks as in rats, this underestimate could be greater when chicks have been fed diets con-TDH activity was increased either by feeding a threonineimbalanced diet or feeding a high protein diet in the present taining increased levels of protein.
TDH activity was shown to be sensitive to dietary protein and previous experiments (Davis and Austic 1994) , the formation of glycine became significantly more predominant, with levels but not to increased dietary levels of threonine itself. The increase in TDH activity when amino acids are added to five to twelve times more glycine produced than aminoacetone. In contrast, when total hepatic TDH activity was dethe diet does not appear to reflect a metabolic need for glycine. The increase in the ratio of glycine to aminoacetone that was creased in the present experiments by feeding a protein-free diet, there was a proportional decrease in aminoacetone and obtained from the mitochondria of chicks fed the high protein or the BCAA-supplemented diet suggests that the activity of glycine accumulation.
Regulation of 2-amino-3-oxobutyrate. The significant in-2-amino-3-oxobutyrate CoA ligase also is increased by dietary protein and amino acids. In view of the nutritional essentiality crease in the ratio of glycine to aminoacetone accumulation of threonine and glycine or serine for avian species (NRC obtained from the mitochondria of the chicks fed the high 1994), the regulation of TDH and its relationship to 2-aminoprotein diets suggests that the activity of 2-amino-3-oxobutyr-3-oxobutyrate CoA ligase and the glycine cleavage system are ate CoA ligase is altered by these dietary changes. Alternaimportant areas for further investigation. tively, the activity of the glycine cleavage system may be reduced. A reduction, however, would be in marked contrast to the effect of protein on this system in mammals (Ewart et al. ACKNOWLEDGMENT 1992) .
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